ABSTRACT: It is expected that climate change will expand the open oligotrophic oceans by enhanced thermal stratification. Because temperature defines the geographic distribution of picophytoplankton in open-ocean ecosystems and regulates photophysiological responses, it is important to understand how temperature affects picophytoplankton growth and photophysiology. Two prokaryotic and 2 eukaryotic picophytoplankton strains were acclimated to 3 different temperatures, ranging from 16 to 24°C. Temperature-dependent growth and photophysiology were assessed by measurements of specific growth rates, cell size, pigment composition, absorption and electron transport rates. Growth of Prochlorococcus marinus (eMED4), Prochlorococcus sp. (eMIT9313), Ostreococcus sp. (clade B) and Pelagomonas calceolata was positively related to temperature, especially in the prokaryotic strains. Changes in photophysiology included increased light harvesting, increased electron transport and reduced photoinhibition at elevated temperatures. However, the changes related to light harvesting and electron transport could not fully explain the observed difference in growth. This suggests that other processes, such as Calvin cycle activity, are likely to limit growth at sub-optimal temperatures in these picophytoplankton strains. The overall changes in photophysiology during temperature acclimation will possibly allow photosynthesis at higher irradiance intensities, but the genetically defined low temperature tolerances and photosynthetic characteristics of the different ecotypes will likely be more important in determining picophytoplankton (depth) distribution and community composition. 
INTRODUCTION
Research related to climate change has largely focused on polar systems and organisms, although changes in other oceanic systems can also be expected. In temperate to warm-temperate oceanic re gions, a rise in seawater temperature by 1.5 to 4.5°C over the next century (Houghton et al. 1995) will lead to changes in water column stratification. The subsequent modifications in mixed layer dynamics will decrease nutrient availability and increase levels of photosynthetic active radiation (PAR) and ultraviolet radiation in surface layers of the open oceans (Behrenfeld et al. 2006 , Doney 2006 . Elevated temperatures, as well as the indirect changes in the irradian ce climate, can have pronounced effects on phytoplankton productivity and community structure (Schmittner 2005 , Behrenfeld et al. 2006 , Litchman et al. 2006 ).
The phytoplankton community of open oligotrophic oceans is dominated by Prochlorococcus spp., Synechococcus spp., and eukaryotic nano-and picophytoplankton (Olson et al. 1990 , Li 1994 , DuRand et al. 2001 . The geographic distribution of these phytoplankton species is highly related to temperature. For example, the abundance of Prochlorococcus spp. is highest in warm waters with temperatures above 17°C , Johnson et al. 2006 . Similar trends are found for Synechococcus spp., with a strong positive relationship between Synechococcus spp. abundance and temperatures above 14°C (Agawin et al. 1998 , Li 1998 , Moisan et al. 2010 , and for Ostreococcus spp., with a temperature range from 11 to 26°C (Demir-Hilton et al. 2011) . The geographic ranges of picophytoplankton are thought to be species and ecotype specific, determined by genetically defined low temperature tolerances (Moore et al. 1995 , Johnson et al. 2006 , Zinser et al. 2007 ). In addition to the effect of temperature on the distribution of picophytoplankton, general trends in community production and biomass are also evident. Typically, the biomass and primary production of picophytoplankton and the contribution of picophyto plankton to the total phytoplankton production increase with temperature (Agawin et al. 2000 , Feng et al. 2009 , Morán et al. 2010 .
Even though temperature is an important factor in picophytoplankton ecology, only a few studies have focused on the effects of temperature on growth and photophysiology of this specific phytoplankton size class (Moore et al. 1995 , Fu et al. 2007 , Zinser et al. 2007 . Especially little information is available on the eukaryotic picophytoplankton. Like other phytoplankton, picophytoplankton show a traditional temperature-dependent growth curve (Eppley 1972 , Moore et al. 1995 , Zinser et al. 2007 ). The initial photochemical reactions are independent of temperature, but many associated aspects of photosynthesis, such as enzymatic activities, membrane fluidity and electron transport, are reduced at sub-optimal temperatures (Oquist 1983 , Raven & Geider 1988 . These changes are accompanied by changes in the lightharvesting complex. Typically, phytoplankton acclimated to low temperatures show a photophysiology comparable to that of high-light-acclimated phytoplankton, with low levels of cellular chlorophyll a (chl a) (Geider 1987 , Maxwell et al. 1994 , Stramski et al. 2002 . This was also found for the prokaryotic picophytoplankton species Prochlorococcus marinus (eMED4) and Synechococcus sp. (WH7803) (Fu et al. 2007) . In eukaryotic nanophytoplankton, other chan ges in the light-harvesting complex involved in low temperature acclimation are a reduction in photo system II (PSII) reaction center size and abundance (Davison 1991 , Wilson & Huner 2000 and an in crease in photoprotective pigments relative to light-harvesting pigments (Wilson & Huner 2000 , Helbling et al. 2011 . As temperature increases, the constraints on photosynthesis gradually decrease with increased chl a synthesis and enhanced light capture (Fal kowski & Raven 1997 , Stramski et al. 2002 . Beyond the optimal temperature, the demand in ATP and carbohydrates exceeds that of new production, and growth and photosynthesis decrease abruptly (Raven & Geider 1988 , Davison 1991 .
In the present study, temperature-dependent processes in oceanic picophytoplankton were studied to improve the knowledge on the direct and indirect effects of a rise in seawater temperature on picophytoplankton performance in open-ocean ecosystems. Therefore, 2 prokaryotic and 2 eukaryotic picophytoplankton strains were acclimated to 3 different temperatures. Growth and photophysiology were assessed by analysis of specific growth rates, cell size, pigment composition, absorption and electron transport rates. The results are related to the possible effect of elevated temperature on picophytoplankton photophysiology and species distribution. In addition, the use of fluorescence analysis in the assessment of picophytoplankton photophysiology is discussed.
MATERIALS AND METHODS

Culture conditions
Cultures were obtained from the Roscoff Culture Collection (RCC) and the Provasoli-Guillard National Center for Marine Algae and Microbiota (NCMA). The strains were all isolated from oligotrophic regions and are representative for low-and high-lightadapted species in open-ocean ecosystems. Ostreococcus sp. strain RCC410 (ecotype clade B or OII) and Pelagomonas calceolata strain RCC879 were cultured in K medium based on natural oceanic seawater (35 PSU) as described by Keller et al. (1987) . Final nutrient concentrations in K medium were 50 µM NH 4 , 882 µM NO 3 and 10 µM PO 4 . Prochlorococcus marinus strain CCMP2389 (ecotype MED4) and Prochlorococcus sp. strain RCC407 (ecotype MIT9313) were cultured in an adjusted version of the K medium, with a 10 times diluted concentration of trace metals minus copper (K/10−Cu; see Chisholm 1992) . Final nutrient concentrations in K/10−Cu medium were 50 µM NH 4 and 10 µM PO 4 . Cultures were maintained in 100 ml glass Erlenmeyer flasks at 9 µmol photons m −2 s −1 (Prochlorococcus sp. and P. calceolata) and 68 µmol photons m −2 s −1 (P. marinus and Ostreococcus sp.) at a diurnal cycle of 12 h:12 h light:dark at 20°C.
Experimental design
Cultures of Prochlorococcus marinus, Prochlorococcus sp., Ostreococcus sp. and Pelagomonas calceo lata were transferred to 500 ml glass Erlenmeyer flasks and incubated in triplicate at 16, 20 and 24°C. Experiments were carried out in a temperature-controlled U-shaped lamp setup as described by Van de Poll et al. (2007) . The temperature in the setup was maintained at 16, 20 and 24°C by a thermostat (RK 8 KS, edition 2000, Lauda Dr. R. Wobser & Co.) and deviated by less than ± 0.5°C. During the experiments, 50 µmol photons m −2 s −1 PAR (Biolux and Sky white lamps, Osram) was provided as a square wave function with a 12 h:12 h light:dark cycle (monitored with a QSL-100, Biospherical Instruments). Prior to the experiments, the strains were kept in the exponential growth phase and were acclimated to the experimental irradiance and temperature conditions for at least 3 wk. Growth and maximum quantum yield of PSII were followed daily starting directly after the beginning of the incubation. In the mid-exponential growth phase, the photophysiology of the cultures was assessed by analysis of pigments, absorption spectra and electron transport rates. Cell densities during these measurements ranged from 6 × 10 6 cells ml −1 in P. marinus and Prochlorococcus sp. to 17 × 10 6 cells ml −1 in Ostreococcus sp. and 2 × 10 6 cells ml −1 in P. calceolata. Culturing of Prochlorococcus sp. RCC407 (eMIT9313) at 16°C and 50 µmol photons m −2 s −1 was attempted several times, but this condition exceeded the limit for growth of this individual strain. No additional measurements were performed for Prochlorococcus sp. under these conditions.
Growth measurements
Samples (1 ml) for cell counts were obtained daily during the exponential growth phase. Cell concentrations were determined on a Coulter Epics MXL flow cytometer (Beckman Coulter). Growth rates (μ; d , where T 1 and T 2 are 16 and 24°C, respectively. In addition, cell sizes were estimated by calibration of the forward scatter of the flow cytometer (Flow cyto metry size calibration Kit F-13838, Molecular Probes).
Pigment composition
Samples (25 to 30 ml) for pigment analysis were collected during the exponential growth phase for each replicate culture. Samples were filtered onto 25 mm GF/F filters (Whatman), snap frozen in liquid nitrogen and stored at −80°C until further analysis. Pigments were quantified using high performance liquid chromatography (HPLC) as described by Hooker et al. (2009) . In short, filters were freezedried for 48 h and pigments were extracted in 3 ml 90% acetone (v/v, 48 h, 4°C) . Detection of pigments was carried out using an HPLC (Waters 2695 separation module, 996 photodiode array detector) equipped with a Zorbax Eclipse XDB-C 8 3.5 µm column (Agilent Technologies). Peaks were identified by retention time and diode array spectroscopy. Pigments were quantified using standards (DHI LAB products) of chl a 1 , chl a 2 , chl b, chl c 2 , chl c 3 , 19-butanoyloxyfucoxanthin, 19-hexanoyloxyfucoxanthin, fucoxanthin, neoxanthin, prasinoxanthin, lutein, diadinoxanthin, diatoxanthin, antheraxanthin, violaxanthin, zea xanthin, α-carotene and β-carotene. From here on, chl a will refer to chl a 2 in Prochlorococcus marinus and Prochlorococcus sp. and to chl a 1 in Ostreococcus sp. and Pelagomonas calceolata.
Absorption spectra
Samples for phytoplankton pigment absorption spectra were taken during the exponential growth phase for each replicate culture. Pigment absorption spectra were determined on a Varian Cary 3E UV-Vis spectrophotometer, equipped with an integrating sphere. Spectral values of the absorption coefficient were recorded every 1 nm between 350 and 800 nm. For analysis, 25 to 30 ml culture was filtered onto 25 mm GF/F filters (Whatman) and the transmission and reflection of the total particulate matter was determined according to Tassan & Ferrari (1995) . The filter was then extracted in sodium hypochlorite (1% chlorine) to remove phytoplankton pigments and measured again to obtain the absorption of nonpigmented material (detritus). Phytoplankton ab sorp -tion was calculated (β was set to 2) and normalized to chl a concentrations to obtain the specific absorption coefficient by phytoplankton a* ph (λ) (m 2 mg −1 chl a). The spectrally weighted mean specific absorption coefficient a -* (m 2 mg −1 chl a) was calculated by:
( 1) where E (λ) is the irradiance used in the incubator during the electron transport rate measurements. The blue:red ratio was calculated by dividing the maximum a* ph (λ) between 350 and 600 nm by the maximum a* ph (λ) between 650 and 700 nm.
PSII fluorescence
PSII fluorescence analyses were performed on a WATER-PAM chlorophyll fluorometer (Waltz) equipped with a WATER-FT flow-through emitter-detector unit (blue LED) and analyzed using WinControl software (version 2.08, Waltz) according to Maxwell & Johnson (2000; and references therein) . For daily analysis, the maximum quantum yield of PSII (F v /F m ) was measured for each replicate culture. In addition, the electron transport rate (ETR) was recorded for cultures of Prochlorococcus marinus, Prochlorococcus sp., Ostreococcus sp. and Pelagomonas calceolata growing in exponential growth phase at 16 (except Prochlorococcus sp.), 20 and 24°C.
Maximum quantum yield of PSII. For daily analysis, 5 to 15 ml culture samples were dark-adapted for at least 20 min at 16, 20 or 24°C. For measurements, the measuring light (frequency 3) was turned on and the minimal fluorescence ), the maximum fluorescence in the dark-adapted state, F m°, was then recorded.
Electron transport rates. ETR was determined by exposing separate culture samples of 3.8 ml to 10 different irradiance levels ranging from 19.9 to 630.9 µmol photons m −2 s −1 (250 W MHN-TD lamp, Philips) in a temperature-controlled incubator. After 20 min of exposure, the quantum yield of PSII (Φ PSII ) was determined by measuring the steady-state fluorescence prior to the saturating light flash, F t , and the maximum fluorescence in the light, F m '. Φ PSII was calculated as (F m '−F t )/F m '. The absolute ETR (aETR; mol
) for each irradiance level was calculated by: (2) where E (µmol photons m −2 s −1
) is the irradiance level of the incubator, a -* (m 2 mg −1 chl a) is the spectrally weighted mean specific absorption coefficient and 0.5 is a factor accounting for the partitioning of energy between photosystem I (PSI) and PSII. aETR versus irradiance curves were fitted to the empirical model described by Platt et al. (1980) using LABFit software (version 7.2.45, Wilton and Cleide P. Silva) to estimate the maximum aETR (ETR max ), the initial aETR (α ETR ), the photoacclimation index (Eκ) and photoinhibition (β ETR ). If no photoinhibition was present, the aETR versus irradiance curves were fitted to the model of Webb et al. (1974) .
Statistical analysis
Differences between the 3 temperature conditions and differences between species were statistically tested by ANOVA using STATISTICA software (version 8.0 and 10.0, StatSoft). Before analysis, data were tested for normality and homogeneity of variances. Differences were considered significant when p < 0.05.
RESULTS
Growth
Temperature had a positive effect on the growth rates of the 4 oceanic picophytoplankton strains ( growth rates in Pelagomonas calceolata were found at 24°C (μ = 0.47 ± 0.02 d −1 ) (p < 0.0005), but no difference was found between the growth rates at 16 and 20°C (μ = 0.28 ± 0.01 and 0.30 ± 0.03 d −1 , respectively). Overall, Ostreococcus sp. showed the highest growth rates, followed by P. marinus, P. calceolata and Prochlorococcus sp., respectively (p < 0.005). Q 10 values for growth were 3.59 for P. marinus, 4.41 for Prochlorococcus sp., 1.69 for Ostreococcus sp. and 1.96 for P. calceolata.
Temperature affected the cell size of the picophytoplankton, but this effect was small and not uniform among the different strains (Table 1) . In Prochlorococcus marinus and Ostreococcus sp., cell size de creased with increasing temperature by −1.4% (p < 0.05, not significant between 20 and 24°C) and −5.6% (p < 0.05, not significant between 16 and 20°C), respectively. In contrast, in Prochlorococcus sp. and Pelagomonas calceolata, cell size increased with increasing temperature by +1.6% (p < 0.05) and +10.1% (p < 0.05, not significant for 20°C), respectively. Overall, P. calceolata had the largest cell size, followed by the eukaryotic species Ostreococcus sp. and the prokaryotic species Prochlorococcus sp. and P. marinus, res pectively (p < 0.05). No significant relationship was found between temperature-induced changes in cell size and cellular chl a concentration, total cellular pigment concentration (data not shown) or the spectrally weighted mean specific absorption coefficient.
Pigment composition
Changes in the pigment composition with temperature were most evident in the prokaryotic species. In Prochlorococcus marinus and Prochlorococcus sp., the pigments chl a 2 and b, zeaxanthin and α-carotene were identified. The effect of temperature on the pigmentation was similar in both Prochlorococcus strains, although differences in Prochlorococcus sp. were not significant. The light-harvesting pigments, here indicated by the cellular chl a levels and the chl b/a ratio, increased (by 3 to 29%) with increasing temperature (p < 0.05 for P. marinus, not significant between 20 and 24°C; Fig. 2a,b,d ,e). The photoprotective pigmentation decreased with increasing temperature (p < 0.001 for P. marinus; Fig. 2c,f) . This was especially evident in P. marinus, in which the zeaxanthin to chl a ratio decreased by 33%.
In the eukaryotic species, the effects of tempe ra ture on pigmentation were evident, but the observed differences were often not significantly different. In Ostreococcus sp., the pigments chl a and b, prasinoxanthin, neoxanthin, violaxanthin, antheraxanthin, zeaxanthin, lutein and β-carotene were identified. All cellular light-harvesting pigment concentrations, including chl a (26%; Fig. 2g ), increased with temperature in Ostreococcus sp., but the ratios per chl a generally remained unaffected (Fig. 2h) . The xanthophyll cycle pigment to chl a ratio (Fig. 2i) . Asterisks indicate significant effects (p < 0.05) of temperature on the growth rate within each species pigments, chl c 2 , chl c 3 and 19-butanoyloxyfucoxanthin, increased with in creasing temperature per chl a (p < 0.05, not significant between 20 and 24°C; Fig. 2k ). An increasing trend with increasing temperature was also found for the xanthophyll cycle pigment pool (16%, not sig ni ficant; Fig. 2l ) and the deepoxidation state of the xanthophyll pigment cycle (22 to 24%, data not shown). The pigment compositions of the different phytoplankton species were considerably different, and are therefore difficult to compare. However, it was clear that the prokaryotic species contained the highest levels of photoprotective pigments relative to chl a (p < 0.005; Fig. 2 , note the differences in scale).
Absorption spectra
No significant effect of temperature was found on the spectrally weighted mean specific absorption coefficient (a -*) ( Table 2 ). When the different strains were compared, Prochlorococcus sp. had the highest a -* (p < 0.001), whereas Prochlorococcus marinus had the lowest a -* (p < 0.05, except at 16°C). No significant differences in absorption were found between the 2 eukaryotic species Ostreococcus sp. and Pela gomonas calceolata, and levels of a -* of the eukaryotic strains were in between those of P. marinus and Prochloro coccus sp. The blue:red ratio remained similar (Prochloro coccus sp.) or decreased somewhat with increasing temperature (other strains), but differences were not significant (except for Pelagomonas calceolata be tween 16 and 20°C, p < 0.05; Table 2 ). Overall, Prochlorococcus sp. had the highest blue:red ratios (p < 0.001). Prochlorococcus marinus, Ostreococcus sp. and P. calceolata showed similar ratios at 16°C, whereas the blue:red ratio was significantly higher in P. marinus at higher temperatures (p < 0.005). The blue:red ratio did not differ between the 2 eukaryotic species Ostreococcus sp. and P. calceolata.
Maximum quantum yield of PSII
In general, an increase in temperature had a positive, but small (4 to 8%), effect on the maximum quantum yield of PSII (F v /F m ) (Table 3 ). In Prochlorococcus marinus, F v /F m increased from 16 to 20°C (p < 0.05), but no other significant differences were observed. In the other prokaryotic strain, Prochlorococcus sp., F v /F m increased with increasing temperature (p < 0.005). Similar to the results on growth rates, F v /F m in Ostreococcus sp. was significantly lower at 16°C compared with 20 and 24°C (p < 0.005), but similar between 20 and 24°C. In contrast, F v /F m of the other eukaryotic species, Pelagomonas calceolata, was not affected by temperature. Overall, P. marinus showed the highest F v /F m values, followed by Ostreococcus sp., Prochlorococcus sp., and P. calceolata, respectively (p < 0.05, not significant at 20°C).
Electron transport rate
Comparable to the growth rates, the absolute electron transport rates were positively affected by temperature in all strains (Fig. 3) . The maximum electron transport rate (ETR max ) increased with increasing temperature in Prochlorococcus sp. and Ostreococcus sp. (p < 0.05; Fig. 3a ). This trend in ETR max with temperature was also shown for Prochlorococcus marinus and Pelagomonas calceolata, but differences between the temperatures were small and not significant in these strains. Q 10 values for ETR max were 1.10 for P. marinus, 2.35 for Prochlorococcus sp., 1.62 for Ostreococcus sp. and 1.19 for P. calceolata. The initial electron transport rate (α ETR ) increased indicating that these strains were acclimated to higher ir radiance intensities at elevated temperatures (Fig. 3c) . In P. calceo lata, Eκ was not affected by temperature. Photoinhibition (β ETR ) showed a de creasing trend with in creasing temperature in P. marinus (Fig. 3d) . In Prochlorococcus sp., photoinhibition increased significantly at higher temperatures (p < 0.05). No photoinhibition was ob served in Ostreococcus sp., although the aETR versus irradiance curves showed significantly lower electron transport rates at high irradiance intensities at 16°C compared with 20 and 24°C (p < 0.05). In P. calceolata, photoinhibition remained largely unaffected by changes in temperature. The electron transport rates were markedly different between the species (Figs. 3 & 4) . Prochlorococcus sp. and Ostreococcus sp. showed the highest ETR max , followed by Proch lorococcus marinus and Pelago monas calceolata (p < 0.05) (Figs. 3a & 4) . The latter strain showed up to 63% lower electron transport rates compared with the other species. The initial electron transport rate was significantly highest in Prochlorococcus sp. (p < 0.001), but similar in P. Fig. 3 . Characteristics of electron transport. Means (± SD, n = 3) of (a) the maximum electron transport rate (ETR max ), (b) the initial electron transport rate (α ETR ), (c) the photoacclimation index (Eκ) and (D) (Figs. 3c & 4) . Indicated by the acclimation to relative low irradiance intensities, Prochlorococcus sp. and P. calceolata showed the highest photoinhibition (p < 0.05; Figs. 3d & 4) . P. marinus showed intermediate to low levels of pho to inhibition, whereas Ostreococcus sp. showed no photoinhibition.
DISCUSSION
It is expected that climate change will mediate a rise in seawater temperature, thereby expanding the open oligotrophic oceans (Behrenfeld et al. 2006 , Polovina et al. 2008 . The changes in the onset and break-up of stratification and the mixed layer depth will alter nutrient availability and the intensity, spectral composition and dynamics of phytoplankton irradiance exposure (Behrenfeld et al. 2006 , Doney 2006 . Because temperature plays an important role in the geographic distribution of picophytoplankton in open-ocean ecosystems (Johnson et al. 2006 , Moisan et al. 2010 , Demir-Hilton et al. 2011 ) and might influence photophysiology (Geider 1987 , Davison 1991 , it is important to understand how changes in temperature affect picophytoplankton performance.
Temperature dependency of growth in relation to geographic distribution
The studied picophytoplankton strains showed a different temperature dependency of growth, which is in accordance with their geographical distribution. Growth was positively affected by increasing temperatures in the prokaryotic species, with growth rates of Prochlorococcus marinus and Pro chlorococcus sp. similar to those found in earlier studies (Moore et al. 1995 , Johnson et al. 2006 , Zinser et al. 2007 ). An optimal temperature for growth was not detected for P. marinus and Pro chlorococcus sp. during the present study, but earlier studies with these strains showed that the optimal temperature for growth is 24°C for P. marinus and 28°C for Prochlorococcus sp. (Moore et al. 1995 , Johnson et al. 2006 , Zinser et al. 2007 ). The cold tolerance of Prochlorococcus sp. is ~16°C (present study, Zinser et al. 2007) , although this specific low-light-adapted strain of Prochlorococcus spp. (eMIT9313) is detected at lower temperatures in the Atlantic Ocean (Zinser et al. 2007) . It has been suggested that the occurrence of eMIT9313 in waters be low the minimum temperature for sustained growth could be explained by the occurrence of genetic variants within the ecotype or by the detection of dying cells that are recently exposed to low temperatures (Zinser et al. 2007) . How ever, the present study showed that growth of Prochlorococcus sp. is possible at 16°C, but at lower irradiance intensities (25 vs. 50 µmol photons m −2 s −1
). This suggests that temperature has a strong effect on the photoacclimation potential of Prochlorococcus sp. and would possibly explain the observed distribution of this strain in cold, relatively deep (i.e. low irradiance intensities) waters.
For the eukaryotic picophytoplankton species Ostreo coccus sp. and Pelagomonas calceolata, the temperature dependency of growth has not been studied before. In general, growth rates of Ostreo coccus sp. are similar to those found in earlier studies (Rodriguez et al. 2005 , Kulk et al. 2011 . In the present study, the optimal growth temperature of Ostreococcus sp. was found between 20 and 24°C. This is consistent with the observation that this ecotype of Ostreococcus sp. (clade B or OII) is detected in oceanic waters with a mean temperature of 22 ± 3°C, but remains undetected at higher temperatures around 26 ± 3°C (Demir-Hilton et al. 2011). Thus, it seems that Ostreococcus sp. is a more temperate species compared with P. marinus and Prochlorococcus sp. The growth rates of P. calceolata are somewhat lower compared with another strain of P. calceolata (Dimier et al. 2009 ). This difference in growth rate is most likely strain specific, as other cell characteristics, such as 19-butanoyloxyfucoxanthin concentration, are also considerably different between the 2 strains of P. calceolata (present study, Dimier et al. 2009) . No optimal temperature for growth was observed in this study for P. calceolata, suggesting that the temperature optimum is above 24°C. This is in accordance with the geographic origin of this strain and other P. calceolata strains in the Pacific Ocean (Le Gall et al. 2008) , with sea surface temperatures reaching up to 26°C. It is likely that the optimal temperature for growth of P. calceolata is somewhere between 24 and 26°C, as small changes above the optimal temperature would have a negative effect on survival because of the rapid decrease of growth and photosynthesis above this temperature (Eppley 1972 , Li 1985 , Davison 1991 .
Generally, phytoplankton growth doubles with every 10°C before reaching the optimal temperature, representing a Q 10 of ~2 (Eppley 1972 , Raven & Geider 1988 . Although there are reservations on the use of Q 10 (Ahlgren 1987, Berges et al. 2002) , it is a useful parameter in the comparison of the effect of temperature between different phytoplankton species. The Q 10 values for growth were considerably different between the 4 picophytoplankton strains used in the present study. The prokaryotic species showed almost double the values found for the eukaryotic species, suggesting that the 2 Prochlorococcus strains benefit more from an increase in temperature below the optimal temperature for growth than Ostreococcus sp. and Pelagomonas calceolata.
Effect of temperature on picophytoplankton photophysiology
The overall photophysiology and the photoacclimation potential of Prochlorococcus marinus, Prochloro coccus sp., Ostreococcus sp. and Pelago monas calceolata are primarily defined by the genetic differences of the specific ecotypes (Moore et al. 1998 , Rodriguez et al. 2005 . The strains used in the present study represent low-and high-light-adapted ecotypes of the picophytoplankton commu nity. Based on the comparison of light-dependent growth, pigmentation and absorption pro perties, Prochlorococcus sp. and P. calceolata are typified as low-light-adapted (present study, Moore et al. 1998) , whereas P. marinus and Ostreococcus sp. are adapted to higher irradiance intensities (Moore et al. 1995 , Demir-Hilton et al. 2011 , Kulk et al. 2011 . In response to elevated temperatures, the 4 picophytoplankton strains extended their light-harvesting capacity by an increase in cellular chl a concentrations. In P. marinus, Prochlorococcus sp. and Ostreococcus sp. this was accom panied by a de crease in photoprotective pigmentation. These changes in the light-harvesting com plex associated with temperature acclimation are comparable to those found for other phytoplankton species (Geider 1987 , Davison 1991 , such as Chlorella vulgaris (Wilson & Huner 2000) and Thalassiosira pseudonana (Stramski et al. 2002) . The increase in cellu lar chl a concentrations is typically associated with a decrease in light absorption due to changes in pigment packaging (Geider 1987 , Stramski et al. 2002 , Hancke et al. 2008 . However, the effect of temperature on the absorption properties of P. marinus, Prochlorococcus sp., Ostreococcus sp. and P. calceolata was small. It is possible that the changes in light absorption are restricted by the relatively small effect of pigment packaging in picophyto plankton compared with larger phytoplankton species (Bri caud et al. 1999) .
The increase in electron transport at higher temperatures corresponds well to the increase in light harvesting in Prochlorococcus marinus, Prochlorococcus sp., Ostreococcus sp. and Pelagomonas calceolata. Although the idea that electron transport is sensitive to changes in temperature (caused by changes in membrane fluidity) (Geider 1987 , Davison 1991 was confirmed, the increase in electron transport could not fully explain the increase in growth at high temperatures (Q 10 of 1.10−2.35 vs. 1.69−4.41). This suggests that processes other than electron transport, such as Calvin cycle activity or DNA replication (Geider 1987) , are likely to limit growth at sub-optimal temperatures in these picophytoplankton strains. The electron transport characteristics showed enhanced photoacclimation to higher irradiance intensities at elevated temperatures for P. marinus, Prochlorococcus sp., Ostreo coccus sp. and P. calceolata. This was also evident from the increase in the maximum quantum yield of PSII, which related well to earlier observations (Fu et al. 2004 , Six et al. 2008 , Dimier et al. 2009 ). The en hanced photoacclimation was accompanied by a re duced photoinhibition in P. marinus, Ostreococcus sp. and P. calceolata, suggesting that picophytoplankton are less susceptible to the negative effects of high irradiance intensities at higher temperatures. This has also been found in larger phytoplankton species, such as the diatoms Chaetoceros gracilis, Thalassiosira pseudonana, and T. weissflogii (So b rino & Neale 2007 , Halac et al. 2010 , Helbling et al. 2011 . Reduced levels of photoinhibition may be associated with enhanced enzymatic conversions of the xanthophyll pigment cycle (Demmig-Adams & Adams 1992), enhanced D1 repair (Bouchard et al. 2006 ) and the potential enhancement of Rubisco activity (Helbling et al. 2011 ). Further study is neccessary to confirm whether these processes are also involved in temperature acclimation in P. marinus, Prochlorococcus sp., Ostreococcus sp. and P. calceolata.
The overall photophysiology of Prochlorococcus mari nus, Prochlorococcus sp., Ostreococcus sp. and Pelagomonas calceolata moved towards the use of higher irradiance intensities to support the enhanced growth rates at higher temperatures. These changes in photophysiology during temperature acclimation will possibly broaden the (depth) distribution of these species via the positive effect of temperature on the response to high irradiance intensities. However, the genetically defined photosynthetic characteristics of the different ecotypes (i.e. low or high light adaptation) will be more pronounced on picophytoplankton distribution and community composition.
Use of PSII fluorescence analysis
Although PSII fluorescence analysis is a readily available technique in both laboratory and field studies, it should be interpreted with care for assessing differences between species. The relationship between different phytoplankton strains based on growth or measurements of productivity by a 14 C incorporation technique (present study, Kulk et al. 2011 ) is different from the relationship based on electron transport, especially in Prochlorococcus sp. The comparison of electron transport rates between species is highly influenced by photosystem stoichio metry. In the calculation of the absolute electron transport rates, it is assumed that the distribution of absorbed light between PSI and PSII is equal, i.e. a PSI:PSII of 1. Assuming that Prochlorococcus sp. (eMIT9313) has a PSI:PSII of around 2 (Bibby et al. 2003) and Ostreococcus sp. has a ratio of 0.39 (Cardol et al. 2008) , the electron transport rates reported here might be overestimated by 50% in Prochlorococcus sp. and underestimated by 44% in Ostreococcus sp. This would affect the maximum and initial rate of electron transport considerably, but not the photo acclimation index. When the effect of temperature within a specific species is considered, photosystem stoichiometry might be less important. Although it is known that temperature can affect PSII reaction center size and abundance (Davison 1991 , Wilson & Huner 2000 , the relative amounts of PSI and PSII seems insensitive to changes in temperature (Wilson & Huner 2000) . In addition to photosystem stoichio metry, the absorption by non-photosynthetic pigments might overestimate electron transport (Bidigare et al. 1990 , Suggett et al. 2003 , especially in Prochlorococcus spp. because of the high levels of zeaxanthin. Moreover, the presence of alternative electron pathways can overestimate linear electron transport (for a review, see Cardol et al. 2011) . In both prokaryotic and eukaryotic oceanic phytoplankton, the PTOX-based water to water cycle is an important alternative electron pathway that limits the electron flow downstream of PSII (Bailey et al. 2008 , Cardol et al. 2008 , Mackey et al. 2008 . This may have a considerable effect on the estimation of productivity or growth from electron transport rates, but it is unknown to what extent the comparison of electron transport rates between different species is influenced.
CONCLUSIONS
The differences in the optimal temperatures for growth of Prochlorococcus marinus, Prochlorococcus sp., Ostreococcus sp. and Pelagomonas calceolata re lated well to the geographic distribution of these picophytoplankton strains. Although temperature and irradiance are important factors in picophytoplankton community composition and distribution in oligotrophic oceans (Johnson et al. 2006 , Zinser et al. 2007 , Demir-Hilton et al. 2011 , these factors are difficult to distinguish in field studies. Here, it was shown that both prokaryotic and eukaryotic picophytoplankton may benefit from the altered photophysiology at elevated temperatures, with a higher lightharvesting capacity and reduced photoinhibition. It is likely that these changes in photophysiology may alter the depth distribution of the picophytoplankton to some extent, but photophysiology remains highly influenced by the specific photoadaptation of different ecotypes. In addition to temperature and irradiance, nutrient availability may play a significant role in the (photo)physiology and distribution of oceanic phytoplankton (Agawin et al. 2000 , Behrenfeld et al. 2006 , Zinser et al. 2007 . It is therefore necessary to assess the effects of nutrient availability on picophytoplankton performance for further interpretation of the expected changes associated with climate change on picophytoplankton distribution and community composition in open-ocean ecosystems. 
